For most HLA-B alleles, coding sequences of the 3 0 part of the genes still need to be determined, and sequences of the 3 0 noncoding regions have yet to be studied systematically. In this study, we have determined the sequences of introns 4-6 in all HLA-B allelic groups, and computed nucleotide substitution rates and phylogenetic relationships. These sequences demonstrated an inconsistent pattern of intralineage specificity, intralineage diversity, and interlineage diversity that is best characterized by a patchwork pattern. Apart from phylogenetic studies about HLA diversity and diversification, the sequence data obtained in our study may prove valuable for haplotype-specific sequencing of the 3 0 part of HLA-B and for the explanation of recombination events in newly described HLA-B alleles.
Introduction
HLA-B is the most polymorphic gene within the human MHC, which as on July 2002 comprised 488 alleles. 1, 2 At the amino-acid level, this polymorphism is mainly concentrated in the antigen-presenting a1 and a2 domains, which are encoded by exons 2 and 3, respectively. Such polymorphism is regarded as an evolutionary advantage for the formation of immune responses against pathogenic microorganisms. Contrasting with the many alleles that appear to be the products of recombination, a smaller number are likely to be the products of point mutation. 3, 4 Compared to the HLA-A locus, HLA-B lineages are less clearly defined. This is consistent with the finding that while HLA-A allelic lineages are conserved in human and non-human primates, the HLA-B locus allelic lineages have been scrambled by recombination, especially in exons 2 and 3. [5] [6] [7] [8] Studies on intronic sequences revealed that intron 1 sequences present remarkably specific characteristics that help to identify the different HLA-B serological families and also confer upon them a phylogenetic support. 9 By contrast, introns 2 and 3 are characterized by a greater level of discordance among topologies. 10 In contrast to the 5 0 part of the HLA-B gene, which in this work is defined as the part that comprises exons 1-3, and introns 1-3, only limited sequence data 11, 12 exist about its 3 0 part (exons 4-7, introns 4-6), the latter encoding the a3, transmembrane and cytoplasmatic domains. 13 For this reason, the aim of the study was to provide a first systematic overview about the phylogenetic relationships of the HLA-B introns [4] [5] [6] . To obtain further information about the nature of these 3 0 introns, 103
HLA-B gene copies (55 alleles), each representing at least one variant of each allelic group, were studied following sequencing of introns 4-6.
Results and discussion
Intralineage conservation Polymorphic positions detected after sequence alignments of introns 4-6 are shown in Figures 1(a) -(c).
For each intron, clusters of identical sequences were determined (Figures 2(a)-(c)). Intralineage conservation (ie sharing of identical intronic sequences) is evident in the HLA-B5 and B35 crossreactive group (CREG), which includes the specificities HLA-B35, B51, B52, B53, and B78. 14, 15 The hypothesis that these groups share a common ancestor with B58 14 is supported by their identical 3 0 intron sequences. Sharing of identical 3 0 intron sequences can also be observed in the B14 family comprising the serological splits B64 and B65. 16, 17 Intralineage conservation of the 3 0 introns is also evident within the B15 group, which is a widespread and diverse family of antigenic specificities and subspecificities that comprises the splits B62, B63, B70, B71(70), B72(70), B75, B76, and B77. [18] [19] [20] B63 and B77 are associated with the Bw4 sequence motif, whereas B62, B70, B71, B72, B75, and B76 are associated with Bw6. 21 Despite the diversity in the 5 0 part of B*15 alleles, there is a clear intronic conservation in their 3 0 introns. Both in introns 4 and 6, all B*15 variants cluster together, and in intron 5 only B*1510 (B72) and B*1513 (B77) cluster distinct from the rest, whereby the dendrogram indicates a very close genetic relationship (figure not shown). Taken together, these data give a strong phylogenetic support for the B*15 group. This support is additionally confirmed by the 3 0 intron sequences of B*4601, a chimera that originated from a gene conversion between HLA-B62 as the recipient gene and Cw1 as the donor gene. 22 Intralineage conservation of the 3 0 introns can also be found in the B16 group consisting of the molecularly defined splits B*38 (association with Bw4), B*39 (association with Bw6), 23 and the closely related B*67 group which differs from B39(16) by the ME1 epitope. 24 Also in the B21 family, which consists of the serological splits B49 and B50, the sharing of 3 0 intron sequences supports the idea of a common ancestor. 25 Finally, conserved intralineage diversity is evident in the B22 family, which consists of the specificities B54, B55, and B56. 26 The alleles belonging to these specificities cluster in all 3 0 introns together with B*5901. Since with regard to exonic sequences, B*5901 is identical to B*5502 except within codons 67-83 of the a1 helix where it is identical to B*51, 27 this finding gives a further phylogenetic support for the B22 group in their 3 0 part.
Intralineage diversity
In contrast to the intralineage conservation described above, intralineage diversity can be described for several other HLA-B families: it can be demonstrated in the B12 group, which is split into the Bw4-associated B44 and the Bw6-associated B45 antigens. 25 HLA-B44 is a common antigen in Caucasians, whereas B45 is mostly found in those of African descent. 28 Comparison of the nucleotide sequences of exons 2 and 3 had revealed that the serologic pairing of these two specificities does not reflect their overall relationship at the level of primary structure, and that B45 is most closely related to B50. 25 This finding is supported by the 3 0 intronic relationship of B44 and B45 since B45 always clusters together with B50, but never with B44. Furthermore, the branches carrying B44 and B45 cluster far away from each other in all 3 0 introns (figures not shown). A similar observation was made for the B40 group, which includes the two split specificities B60 and B61. 29 Despite their close relationship in the complete coding sequence, 30 B*40012 (B60) and B*4002 (B61) display different sequences in each 3 0 intron studied, and cluster in introns 5 and 6 far away from each other (figures not shown). This finding raises doubt as to the existence of a common ancestor in the 3 0 part of at least these two alleles, and needs to be reevaluated after sequencing of other variants of the B40 group. Furthermore, it suggests that a particular allele type defined by the coding sequence in individuals from remotely related populations could have been independently generated from different progenitor alleles. The progenitor alleles could be from the same as well as different ancestral lineages. Accordingly, the analysis of introns may help to identify such alleles when a large collection of samples from divergent ethnic backgrounds is available. With regard to the B7 CREG (B7, B13, B22, B27, B40, B41, B42, B47, B48, B81, and B82), 31 the situation 
Introns 4-6 of HLA-B alleles H-A Elsner et al is more complex. In each 3 0 intron, B*07 alleles cluster together with B*40012, B*48, and B*81, which suggests a common ancestor for these families, and confirms the close phylogenetic relationship between B*81 and B*48 in the exons. 32, 33 By contrast, B*07 never clusters together with B*27 or B*47; together with B*41 and B*42 only in intron 4 (cluster A); and together with B*13, B*22, and B*82 only in intron 6 (cluster A). Although the HLA-B7 family forms a CREG together with HLA-B27 associated with the public markers P42 and P62, 34 the diversity between B*07 and B*27 alleles in introns 4-5 renders a common ancestor in their 3 0 part rather unlikely. Finally, intralineage diversity can be demonstrated for the B17 serological family, 35 of which the subtypic variants B*5701 and B*5801 only cluster together in the highly homogenous intron 6, but are clearly distinct from each other in introns 4 and 5. While B*5801 clusters together with the B5/B35 CREG in all 3 0 introns, there is no pattern visible for B*5701. Thus, for these B17 group alleles, the different clustering excludes a common phylogenetic origin in the 3 0 part.
Confirmation of independent lineages and proposal of a 3 0 lineage consisting of B*08/*41/*42 HLA-B*3701 is represented by a branch of its own in intron 4, whereas in intron 5 the allele shares its sequence with B*1801, and in intron 6 with a variety of alleles including B*18011. Since, likewise B*3701 and B*18011 cluster very closely together in the topology inferred from exons 2 and 3 (data not shown), these findings (Figure 2(c) ). This patchwork pattern of interlineage diversity apparently seems to be a contradiction to the intralineage conservation described for many HLA-B groups. However, it may be most likely explained by ancient recombination of ancestor alleles in their 3 0 part, which ceased with the start of a high recombinatory activity in the 5 0 part leading to the differentiation into subtypes.
Report of a new B*18011KAB allelic variant
Sequencing of the B*18 variant of a healthy Caucasian stem cell donor revealed a new B*18011KAB allele that differs from the previously described B*18011 allele by a transition (G-A) at position 104 of intron 5. Since in HLA-B this nucleotide exchange is unique at this position, it is most likely caused by a mutation. (The nucleotide sequence data reported in this paper have appeared in the EMBL, GenBank, and DDBJ Nucleotide Sequence Database under the accession numbers AJ505010 (exon 2) and AJ505011 (exon 3). A cell line carrying the allele B*18011KAB is available from the cell culture collection of the Department of Transfusion Medicine, Hannover Medical School, Germany under the name GAZI1948 (ID 1800497).)
Concluding remarks
In summary, introns 4-6 of HLA-B alleles demonstrate an inconsistent pattern of intralineage specificity, intralineage diversity, and interlineage diversity that is best characterized by a patchwork pattern. From intron to intron there are large differences with regard to the degree of diversity or homogeneity, respectively. Consisting of 21 clusters, intron 5 demonstrates the most pronounced diversity, which may suggest enhanced recombinatory activity in this intron. This idea is Alleles  0721  0705  1301  1302  1501101  1503  1510  1513  1517101  1519  1521  1801  18011KAB  3503  3505  35SRE  3701  40012  4601  4801  51011  51012  52011  5301  5401  5501  5601  5701  5801  5901  7801  8101  8201 B62 (15) B72 (70) B71 (70) B77 (15) B63 (15) B76 (15) B75 (15) B60 ( If not otherwise indicated, samples were obtained from patients of the regional transplant programs. concordant with the finding that its nucleotide substitution rate is the highest compared to the other HLA-B 3 0 exons and introns (Table 4) . However, in intron 5 the CpG content, which is positively associated with the recombination rate in MHC genes, 37, 38 is comparatively low (0.8%). For this reason, one might speculate that the diversity of intron 5 is either the effect of increased recombination in the absence of a high CpG content, or the result of long-term conservation of diversity.
Finally, it is important to stress that the present study could only focus on a limited number of alleles of certain subtypes, especially of the HLA-B*15 and B*40 groups. For this reason, future studies based on other alleles might demonstrate other sequence polymorphisms and ancestral relationships. Apart from further phylogenetic studies about HLA diversity and diversification, the sequence data obtained in this study may prove valuable for the determination of exonic sequences of the 3 0 part of HLA-B genes and for the explanation of recombination events in newly described HLA-B alleles.
Materials and methods

DNA samples and identification of HLA-B alleles
In total, 103 HLA-B sequences representing 55 alleles (Table 1) were examined. The HLA nomenclature used was that of July 2001.
l,2 DNA samples were from 92 individuals. From 81 individuals, only one of the two HLA-B gene copies were examined. In the remaining 11 individuals, both copies were examined. Alleles were identified by sequencing of exons 2 and 3, as previously described. 39 PCR amplification and sequencing Cycle sequencing of introns 4-6 was performed using an Applied Biosystems 377 sequencer by previously published methods. 39, 40 All PCR products were spanning from intron 3 through the 3 0 UTR. Haplotype specificity was achieved by the selection of samples bearing alleles that belong to different amplification groups.
Amplification primers and combinations are given in Tables 2(a) and 2(b), and sequencing primers are shown in Table 3 .
In five cases, cloning was performed for separation of haplotypes ( 41 Sequences were determined by establishing the consensus of at least three analyzed clones.
Phylogenetic analysis and determination of evolutionary rates Phylogenetic trees were constructed based on the intronic sequences of the 55 alleles examined in this study. Sequences were aligned using the software CLUSTAL W 42 running under the graphical interface program BioEdit version 5.0.9. 43 Phylogenetic trees were constructed by the neighbor-joining method, 44 using the software Treecon version 1.3b. 45 Nucleotide substitution rates p (Table 4) were calculated according to the method The sequencing primers were labeled with biotin at their 5 0 end. Numbering refers to the beginning of the coding region. Sequencing was performed in forward and reverse directions. HLA-B*7301 possesses a 3 bp long insertion within exon 5, which explains the discrepancy between localization and primer length. 
